Powders of two molybdenum carbides (Mo 2 C and MoC 1-x ) and tungsten carbide (WC) were prepared by means of temperature programmed reaction (TPR) method. Mo 2 C and MoC 1-x were synthesized by reacting MoO 3 with a preselected molar ratio of methane/hydrogen and carbon monoxide/hydrogen gas mixtures respectively. WC was prepared using tungsten oxide (WO 3 ) and a methane/hydrogen gas mixture. These carbides were ultrasonically dispersed in de-ionized water. Samples were characterized using room temperature x-ray diffraction and scanning microscopy. A kinetic diffusion model is also studied to determine diffusivities in solids where the diffusing species desorbs or reacts at the external surfaces, and where the diffusivity does not vary appreciably with concentrations. The method involves measuring the fl ux of the diffusive species into the solid under the infl uence of a temperature program.
INTRODUCTION
The carbides of molybdenum and tungsten constitute a diverse class of materials with many technological applications. Because of their great strength and durability, they have been traditionally used at extreme conditions of temperature and pressure, for example, in rocket nozzles and drill bits. Their hardness has given them applications in cutting tools, golf shoe spikes, and snow tires 1-3 . These compounds have shown great potential for use as a commercial hydrodenitrogenation 4, 5 catalyst. Nanostructured carbide materials can help the microelectronics industry by providing the manufacturers with nanocrystalline starting materials, ultra-high purity materials, materials with better thermal conductivity, and longer-lasting, durable interconnections (connections between various components in the microprocessors).
Nanocrystalline Mo 2 C can be synthesized using sodium metal in the co-reduction reaction of molybdenum pentachloride (MoCl 5 ) and carbon tetrabromide (CBr 4 ) in a benzene reaction medium at 350 o C for 12 h (hours) 6 . Hyeon et al., 7 synthesized nanostructured molybdenum carbide from the ultrasonic irradiation of molybdenum hexacarbonyl in hexadecane. One of synthesis methods of Tungsten Carbide is by reaction between tungsten powder and soot 8 
. Weimer
9 reported a number of processes for the production of WC. A simple, inexpensive, and versatile route for the synthesis of metal carbides (Mo 2 C and WC) nanoparticles were set up by Giordano and her co-authors 10 . Patel and Subrahmanyam 11 synthesized Mo 2 C of less than 10 nm by solution route. Keller et al. 12 , obtained a new medium specifi c surface area one-dimensional WC nanostructure by the shape memory synthesis method, in which they maintained the macrostructural features of a carbonaceous 1-D (dimensional) preformed template during the carburization of tungsten-oxide and determined the resulting carbide morphology. 19 method was applied for the synthesis of Molybdenum and Tungsten carbides. TPR is one of the thermoanalytical techniques for the characterization of chemical interactions between gaseous reactants and solid substances. This is a transient response technique in which some characteristic property of a solid sample is related to its temperature in a process of programmed heating. Exchange of matter and/or energy between the sample and its surroundings provide means as a function of temperature, the thermogram, refl ects the nature of the system under study and the experimental conditions. Thermal analysis is used as a tool for quantitative analysis for the evaluation of the infl uence of different factors on the reactivity. The comprehensive review on this technique is illustrated by several investigators 20- 25 . This method of preparation consists in treating the temperature in a uniform manner. The precursor can be an oxide, sulfi de, nitride, or other compound while the reactive gas can be a mixture of a hydrocarbon and hydrogen for carbides 1 . Sonochemistry principles were used to propose a mechanism to disperse the as-prepared particles followed by TPR. Finally XRD, elemental analysis, and SEM were employed to characterize the particles.
EXPERIMENTAL METHODS AND MATERIALS
Powders of two molybdenum carbides (Mo 2 C and MoC) were synthesized by reacting MoO 3 with pre-selected molar ratios of CH 4 (Air Products and Chemicals Inc., CP grade) / H 2 and CO (National Welders, CP Grade)/ H 2 gas mixtures respectively. WC was produced by ) and secured either by a 10 mm quartz glass frit (Technical Glass Products, Inc.) or by glass wool (Johns Manville, E-glass). The reactors were then placed inside a 30 cm tube furnace equipped with a multi-programmable controller (Barnstead/Thermolyne, Model F79345) and connected to a gas mixture supply. Subsequent back pressure tests were conducted to ensure that the reactant gas volumetric fl ow rate (~1 m 3 /hr) was not being inhibited. The process temperature was ~950-1050°C, whereas the startup temperature was ~650-1050°C. Each synthesis reaction began with a 5 to 10 minutes period for gas fl ow stabilization, which was followed by the initiation of the temperature ramping sequence. After completion of the temperature ramping program, the furnace was opened to allow rapid reactor cooling to room temperature under the reactant gas fl ow. Once room temperature was reached, the samples were passivated by slowly allowing air to diffuse through the reactor to the sample over a period of 24 hours. The passivation procedure was very important because transition-metal nitrides and carbides are extremely sensitive to air. Ultrasonic dispersion of interstitial transition-metal carbide materials is a convenient route for the large-scale synthesis of metallic nanoparticles. Porous Interstitial Compound Synthesis apparatus is shown in Fig 1 . All materials were sonicated using the same procedure. Approximately 50 mg of the carbide material was placed in 50 ml of 11.2 MΩ-cm deionized water to form solid-liquid slurry. The deionized water was prepared by a Corning Mega Pure System using Barnstead Ultra-High Purity Disposable Deionizer Cartridges. As a preliminary step, the slurries were subjected to agitation for approximately 30 seconds using a variable speed touch mixer (Fisher Scientifi c, Model 232). The solid-liquid mixtures were then placed in a solid-state ultrasonic bath (L&R Manufacturing, Model T-28B) and sonicated for 15-30 minutes. A portion of the ultrasonically dispersed solution was extracted (using a 30 ml syringe) immediately following sonication and allowed to settle over a period of 96 to168 hours. After settling, the resulting liquid was extracted once more and the remaining solids were dried under vacuum at 398°K for 4 to 5 hours. In order to establish the structural characteristics of dispersed and undispersed carbide materials XRD, elemental analysis, and SEM were used to inspect the compound identity, composition, and particle surface morphology respectively.
RESULTS AND DISCUSSIONS
The temperature programmed reduction is a convenient technique for the characterization of supported metal oxide catalysts. Generally, TPR is used to provide the information on the infl uence of support materials, preparation and pretreatment procedures, and metal additives on catalyst reducibility. The directly observable quantities include the total consumption of the reducing agent and the temperatures of the reduction rate maxima26. A series of molybdenum carbides were prepared by the temperature programmed reduction/ carburization of MoO 3 with equimolar mixtures of CH 4 / H 2 and CO/H 2 . The materials resulting from CH 4 /H 2 synthesis were identifi ed through XRD as a hexagonal form of Mo 2 C that is in good agreement with α-Mo 2 C. Carbide materials produced with CO/H 2 agreed spar-ingly with few XRD PDF's and most closely resembles a form of MoC 1-x . The carbide materials (MoC 5 , MoC 6 , and MoC 8 ) prepared with a 1:1 ratio of CH 4 /H 2 were similar upon the visual inspection of the products extracted after the reaction completion. These powders were composed of grayish-metallic crystallites. Contrary to these observations, the carbide powders synthesized using the CO/H 2 reaction gas mixture (MoC 12 and MoC 16 ) displayed a copperish-brown metallic appearance and were composed of relatively larger coarse particles. The product was accessed by cutting the reactor open with a mechanical cutting lathe. During the sonication individualized waves were observed to move throughout the mixture. These actions were most visible by looking down into the solution as the jet waves could be seen impeding the opaque viscous layer. Immediately after sonication, the solution was noticed to continue a "swirling" action and was opaque and grayish-black in color. Over a period of several days of settling, the aqueous solution became clear and dark-blue as the nanoparticles settled out. The identity of the molybdenum carbide materials was confi rmed using the RTXRD measurements. Average crystallite sizes were determined for the ultrasonically dispersed and non-dispersed molybdenum carbide materials. Using the SEM, elemental analysis was performed to identify the composition of the molybdenum carbide products. Lastly the surface morphology was studied using SEM.
The results of MoC 5 , MoC 6 , and MoC 8 used CH 4 as the carburization agent and produced essentially the same diffraction pattern when analyzed using RTXRD (Fig 2a,  2b) . The only crystalline phase observed in this carbide group was Mo 2 C. This observation was anticipated since according to the Mo-C phase diagram only hexagonal Mo 2 C is thermodynamically stable under the conditions employed in Rudy et al. 27 These results are consistent with the XRD analysis conducted by Choi et al., 4 and Oyama et al. (100) direction. Line broadening of the sonicated Mo 2 C reveals that the average crystallite size extends in the (101) direction to slightly more than 11 nm and less than 15 nm in the (100) direction. Comparison of the sonicated Mo 2 C with the undispersed Mo 2 C shows that the bulk phase remains that of Mo 2 C (Fig 2c) . The results of MoC 13 and MoC 16 used CO as the carburization agent and produced essentially the same diffraction pattern when analyzed using the RTXRD. The diffraction pattern of MoC 13 was analyzed with a scan speed equal to 1. In this case, increasing the scan speed gave the pattern greater distinction during peak identifi cation. The XRD pattern of MoC 13 is given in Fig 2d. The most intense peaks occur at 25. Matching this pattern to a specifi c material was relatively diffi cult because there was not any one distinguishable PDF that corresponded in great detail with MoC 13 . Although the most intense do not match any of the fi les, a few of the secondary peaks match up with a form of MoC 1-x . Possible reasons for this occurrence are given in the discussion section. Using the most intense peak, the average crystallite size was determined to be approximately 43 nm. The results of scanning electron microscopy on the molybdenum carbon compounds reveal several different characteristics. SEM analysis of the Mo 2 C was taken at a range interval from 10 microns to 100 nm at magnifi cations varying from 1000 to 40000. As shown in Fig 3a, the undispersed at 10 μm and 5000 magnifi cations, displays a collection of platlets or fl ake structures, which may be analogous to small "playing cards" on the right hand side. Small resemblances of macro crystals at the top middle and needle-like crystals along the bottom left side. Fig 3b  shows dispersed Mo 2 C where there is an absence of macrocrystals. Flake and needle-like particles appear to be more dispersed; in addition, layered thin crystals are present in the upper left corner. There exists some speculation that preparing Mo 2 C using the TPR method may yield intermediate compounds, such as molybdenum oxycarbide (MoO x C 1-x ). The XRD analyses performed in this study confi rmed that Mo2C were produced and that there was no evidence of the oxy-carbide compounds.
A series of tungsten carbides (WC) was prepared by the temperature programmed reduction/carburization of WO 3 with equimolar mixtures of CH 4 /H 2 . XRD analyses reveal that hexagonal WC was produced. Other trials of tungsten carbide synthesis produced a form most notably corresponding to WC x . Carbide materials (WC 9 , WC 10 , WC 17 ) prepared with a 1:1 ratio of CH 4 /H 2 yielded different results upon visual inspection of the products. WC 9 powders were comprised of grayish-metallic grains similar to those of Mo 2 C and Mo 2 N. WC10 powders were brown, while WC 11 and WC 17 yielded dark-purple powders. The only noticeable difference in the preparation of these materials was the change in temperature ramping rates Δ 1 and Δ 2 . These values are shown in Table 1 . All WC products were obtained by cutting the reactors open in a similar fashion as that of MoC 8 . Preparation of tungsten carbide nanoparticles was completed using WC 9 . Upon the addition of deionized water to the tungsten carbide, Table 1 . Change in temperature ramping rate (∆ -temperature ramping rate, K -Kelvin, h -hour, MSHV -mass hourly space velocity)
only peaks due to WC was observed (Fig. 4b ). Scherrer analysis of the peak widths indicates little change in the size of the crystalline domains: the nanoparticles extend slightly to 10.2 nm in the (100) direction and 10 nm in the (101) direction. The SEM analyses of the tungsten carbide products show a variety of different morphologies. Fig 5a shows non-sonicated WC x at 10 μm and 5000 magnifi cations. The micrograph shows a variety of fi ne needle like crystals, randomly directed but uniformly dispersed. Some crystals display a layered thin-fl ake appearance representative of high crystality. The ultrasonic irradiation effects are observed in great detail using SEM analysis of WC. Fig 5b shows undispersed WC as large macrocrystals surrounded by various spherical shaped particles.
KINETIC SYNTHESIS MODELS FOR MO2C AND WC
The kinetic diffusion model for the diffusion of oxygen and carbon was studied using the diffusion model proposed by Kapoor and Oyama
29
. The mathematical calculations were also performed to transpire what is happening in the reduction of molybdenum and tungsten oxide with CO 2 /CH 4 to produce molybdenum and tungsten carbide respectively. Oyama et al., 28 have previously studied the diffusivities of oxygen and nitrogen the solution turned dark gray and an opaque charcoal layer formed above the aqueous solution, a result similar to that of Mo 2 C. As with the Mo 2 C solid-liquid mixture, only rigorous agitation using a touch mixer dispelled the charcoal-like layer into the solution. Additionally the "jet waves" described during Mo 2 C sonication were also observed during the WC dispersion. During the settling period, the solution became clear and light gray in color. RTXRD was used in order to confi rm the identity of WC 9 as hexagonal carbide. The identity of WC 10 , WC 11 , and WC 17 most closely corresponds to a form of WC 1-x . Fig. 4a displays the collected XRD pattern for WC 9 . As shown, the most intense peaks occur at diffraction angles 2θ = 35. (1) Where C is the ratio of concentration at any time to the initial concentration, C = c/c o , and X is the ratio of the distance from the center of the slab to its halfthickness, X = x/h. Then by inserting the temperature dependence (T = T o + β t ) into Eq. 2, and applying boundary conditions fi nal concentration profi le (Eq. 2) and diffusion rate (Eq. 3) is determined.
(2) (3) Here λ n are eigenvalues (2n-1)π/2. These are calculated using Sturn-Liouville equation, for n = 1, 2, 3,………..∞, and . E was calculated from the Redhead equation 30 . The parameters which were used in this study are listed in Table 2 . In-situ HTXRD experimental data and solid state kinetic models indicate that the thermal activation of oxygen diffusion takes place at lower temperatures approximately 500 K than nitrogen infusion at 1250 K into the molybdenum lattice structure. For the case of tungsten lattice structure oxygen diffuses at 1400 K and nitrogen infuses at 2600 K. Concentrations profi le is shown in Fig 6. Both activation temperatures strongly correspond to experimental observations and theoretical predictions. Dissociated hydrogen appears to act not only as a chemical trap for escaping oxygen atoms but also as a reactive species for the formation of possible molybdenum bronze materials between 400 to 1300 K and for tungsten materials between 1300 to 2600 K. Precision of the established model in this study was in our experimental data uncertainty (~2% deviation). However, the results could not be validated further by any other literature values because no investigation was found so far in this maneuver.
CONCLUSION
Temperature Programmed Reaction (TPR) and ultrasonic irradiation provided an effective pathway to synthesize transition-metal carbide nanoparticles. Polycrystalline α-Mo 2 C was synthesized from MoO 3 macrocrystals by TPR in CH 4 /H 2 gases. The α-Mo 2 C crystallites were relatively small and dark metallic-gray in color. Slight changes in temperature ramping rate did not change the structure of the resulting α-Mo 2 C. A form of molybdenum carbide that closely resembled MoC 1-x was produced by TPR in CO/H 2 . The MoC 1-x material appeared to have relatively larger and coarser grains than α-Mo 2 C. Hexagonal WC was prepared by TPR in a CH 4 /H 2 reactant gas mixture. Unlike α-Mo 2 C synthesis in theV 2 O 5 . Kapoor and Oyama 29 studied the diffusion coeffi cients of oxygen and nitrogen through the temperature programmed reactions. The same model was extended in determining the diffusivities of oxygen and carbon in oxide to carbide. Diffusivity is determined by matching an observable experimental quantity, namely the peak temperature of the species diffusing out of the solid to a Fickian diffusion model for the process. Kapoor and Oyama
22
assumed that one-dimensional diffusion was occurring in a semi-infi nite slab, which meant the activated diffusion process could be applied by Fick's second law of diffusion equation. This expression is as follows: the WC products were affected by slight changes in the temperature ramping program. WC was obtained using Δ 1 = 11 K/h -0.5 and Δ 2 = 120 K/h, and was metallic-gray in color. In addition to hexagonal WC, a form of tungsten carbide that strongly agreed with XRD patterns of WC x was also produced. Ultrasonic irradiation provided a convenient route to produce nanoparticles from refractory carbide powders. XRD analyses displayed that α-Mo 2 C crystallite size was 10-14 nm, while the ultrasonically dispersed α-Mo 2 C nanoparticles extended to 10.5-15 nm. WC had an average crystallite size of 9-14 nm and extended slightly to 10-14 in the nanoparticles. This work has determined that TPR synthesis of topotactic molybdenum and tungsten carbide powders followed by ultrasonic irradiation can produce transition-metal carbide nanoparticles.
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